The porin of Rhodospiri//um mbmm FR1 was found in the outer membrane as a complex with a relatively small (32 kDa) porin-associated protein (PAP). The porin moiety of the complex consisted of a trimer which revealed a mainly sheet structure, while the porin-PAP complex also contained a significant ahelical portion. Isolated PAP exhibited a mostly a-helical structure. The porin-PAP complex had the same single-channel conductivity (2.8 nS) as the isolated porin, demonstrating that PAP did not affect the porin channel size. Differential extraction of the cell wall fraction with N,Ndimethyldodecylamine N-oxide revealed that PAP stabilized the porin in the outer membrane. EDTA caused dissociation of the porin-PAP complex, indicating that divalent cations were involved in formation of this complex.
INTRODUCTION
Gram-negative bacteria are surrounded by an outer membrane that acts as a molecular sieve, permitting the uptake of substrate while excluding noxious molecules (Nikaido & Vaara, 1985; Benz, 1988) . This limited permeability is due to the so-called porins that commonly form nonspecific diffusion channels across the outer membrane. Most porins studied so far, such as the OmpF, OmpC, PhoE and LamB porins of Escbericbia coli K12, and the porins of Rbodobacter capsulatus 37b4 and Rbodopseudomonas blastica, are stable homotrimers. For some of them, the molecular structure at atomic resolution has been resolved (Weiss e t al., 1991; Cowan et al., 1992; Kreusch e t al., 1994; Schirmer et al., 1995) . For OmpA from E. coli, a stabilizing role in the outer membrane has also been proposed (Manoil & Rosenbusch, 1982; De Mot & Vanderleyden, 1994; Koebnik, 1995) . So far it is an open question whether this protein also has an additional role as a channel-forming protein similar to the porins (Sugawara & Nikaido, 1992; Saint et al., 1992; Benz, 1994) .
Abbreviations: LDAO, N,N-dimethyldodecylamine N-oxide; MALDI-MS, matrix-assisted laser desorption/ionization mass spectrometry; Octyl-POE, n-octyl-polyoxyethylene; PAP, porin-associated protein; TFA, trifluoroacetic acid.
The present work revealed a small cell-wall protein (called herein PAP) to be associated with the porin of Rhodospirillum rubrum FR1. The porin-PAP complex is presumably involved in stabilization of the outer membrane, because PAP increased the binding of the porin to the peptidoglycan. Our results suggest that PAP has no channel-forming properties.
METHODS
Cultivation of bacteria. Rbodospirilhm rubrum FR1 was from the strain collection of the Institut fur Biologie 11, Mikrobiologie, Freiburg im Breisgau, Germany. Mass cultures were grown aerobically in the dark at 32 "C in R8AH medium (Drews, 1965) . Isolation of porin and of the porin-PAP complex, and differential extraction of the cell wall fraction. The cells were collected by centrifugation, washed with buffer (20 mM Tris/ HC1, pH 8-0; 10mM MgC1,) and resuspended in the same buffer. DNase, RNase and phenylmethylsulfonyl fluoride were added and the cells disrupted by a Buhler homogenizer (type Vi2) for 25 min. The homogenate was centrifuged at 28300g for 1 h and the pellet was washed once with the same buffer. The sediment (crude envelope fraction) was extracted twice with 2 7 0 (v/v) Triton X-100, 10 mM MgCl,, 20 mM Tris/HCl, pH 8.0, at 40 "C for 40 min and subsequently at 38 "C for 30 min to isolate the cell wall according to Schnaitman (1971) . The oligomeric porin and the porin-PAP complex were obtained from the cell wall fraction by extraction with 2 % (w/v) N,N- On: Fri, 11 Jan 2019 13:00:27
10 mM MgCl,, 20 mM Tris/HCl, pH 8.0, at 38 "C for 70 min (standard LDAO extraction). After centrifugation (1 70 000 g, 4 "C, 60 min) the supernatant enriched with the porin and the porin-PAP complex was applied to a Superdex 200 HR 10/30 gel-permeation-chromatography column (Pharmacia) and eluted with 0.08 % (w/v) LDAO, 10 mM MgCl,, 2 mM NaN,, 20 mM Tris/HCl, pH 7.8. For preparative protein purification a Superdex 200 16/60 gel-permeation-chromatography column (Pharmacia) was used.
Alternatively the cell wall fraction was extracted under extremely mild conditions [extraction buffer as above, but at 4 "C for 15 min (mild LDAO extraction)]. Stronger extraction conditions, with the addition of 0.5 M NaCl in the extraction buffer, at 38 "C for 30 rnin (LDAO/NaCl extraction) were applied after the standard LDAO extraction. The supernatant of the NaC1-containing extraction was named LDAO/NaCl extract.
Isolation of PAP.
For isolation of PAP the porin-PAP complex was incubated with 25 mM EDTA at room temperature for 20 min and subsequently dialysed against gel-filtration elution buffer. Aliquots of the dialysed sample were applied to a Mono P HR 5/5 anion-exchange-chromatography column (Pharmacia). The samples were eluted with a two-step salt gradient (each step linear) of (H3-19 M NaCl in 30 ml and then of 0.19-1 M NaCl in 10 ml at a flow rate of 0.5 ml min-' with an FPLC system (Pharmacia).
Analytical ultracentrifugation. Sedimentation studies were performed with a Spinco model E analytical ultracentrifuge (Beckman) equipped with a photoelectric scanning absorption system (Spiess et al., 1981; Holzenburg et al., 1989) . Sedimentation velocity experiments were performed at 19.5 "C and 52000 r.p.m. using the Beckman An-D rotor, and sedimentation equilibrium studies (16 h) at 19 "C and 9000 r.p.m. using the Beckman An-G rotor. All sedimentation studies were performed with porin dialysed against buffer containing 0.5 YO Octyl-POE, 5 mM NaN,, 50 mM sodium phosphate, 5 mM MgCl,, pH 7.0.
MALDI-MS.
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was performed using reflectrontype time-of-flight mass spectrometers. A microprobe instrument (LAMMA 1000; Leybold Heraeus), described in detail elsewhere (Hillenkamp & Karas, 1990) , was used. Porin (0.7 mg protein ml-'), dialysed against buffer containing 0-027 % LDAO, 20 mM Tris/HCl, 2 mM NaN,, pH 7.8, was mounted on an X , J , p movable stage allowing for laser irradiation of selected sample areas under microscopic control. A nitrogen laser (Laser Science) with an emission wavelength of 337 nm and 3 ns pulse duration was used. Typically the laser beam was focused to a spot with a diameter of 70-100 pm. At the sample surface, irradiation was in the 106-107 W cm-, range. Ions were accelerated to an energy of 3 keV before entering the T O F mass spectrometer. Ions were postaccelerated to a maximum kinetic energy of up to 20 keV. A secondary electron multiplier (EM1 9643; Thorn EM1 Electron Tube) was used for detection. Analogue signals were digitized with a transient recorder (LeCroy 9450) with a maximum of 2.5 ns channel resolution and then transferred to a personal computer. One hundred single spectra were accumulated. Spectra were calibrated using a mixture containing insulin (bovine), cytochrome c (horse heart), myoglobin (sperm whale) and carbonic anhydrase (bovine erythrocytes) as external standards, all from Sigma. The following UV-absorbing matrix-mixture was used : 2,5-dih ydroxybenzoic acid (9 g) and 2-hydroxy-5-methoxybenzoic acid (1 g) in 0.1 % aqueous TFA/acetonitrile (2: 1, v/v, 1 1) (Karas et al., 1993) . The analytes were mixed with the matrix in a ratio of 1 : 10 (v/v). Up to 0-5-1 pl of the mixture was dried on a polished metal support and transferred into the vacuum of the mass spectrometer. Circular dichroism spectroscopy. Circular dichroism spectra were taken between 197 nm and 260 nm with samples dialysed against 0.5% Octyl-POE, 5 mM NaN,, 50 mM sodium phosphate, 5 mM MgCl,, pH 7.0, by measuring with a 1 mm cell in a Cary-61 spectropolarimeter. The dynode voltage never exceeded 0.5 kV.
SDSPAGE analysis of porin. Discontinuous SDS-PAGE was performed using 14% (w/v) acrylamide slab gels according to Laemmli (1970) . Samples were solubilized in SDS-PAGE sample buffer and applied to the stacking gel either after incubation at 4 "C for 10 min or after incubation at 100 "C for 5 min. For re-electrophoresis, porin monomers of two lanes at 39 kDa and 41 kDa were excised from the stained gel and soaked in 1 M Tris/HCl pH 6.8 for 1 h. The gel pieces were then placed in a stacking gel and covered with SDS-PAGE sample buffer. A voltage of 150 V was applied for 2 min and after an incubation period of 10 rnin SDS-PAGE was performed as described above. Protein for the analysis of LDAOcontaining samples was estimated using the Lowry method as modified by Rodriguez-Vico et al. (1989) .
Measurement of pore-forming activity. The purified porin and porin-PAP complex and the isolated PAP (final concentration between 40 and 500 ng ml-') were added to aqueous solutions bathing a lipid bilayer membrane made from diphythanyl phosphatidylcholine (Avanti Polar Lipids, Alabaster, Alabama, USA) dissolved in decane. The stepwise increase in membrane conductance was determined as described elsewhere (Benz e t al., 1985) .
RESULTS

Isolation of porin and porin-PAP complex
The porin and the porin-PAP complex of Rhodospirilltlm rtlbrtlm FR1 were isolated by LDAO extraction of the Triton-insoluble cell wall. The supernatant of the centrifugation step was enriched with both protein species. The porin and the porin-PAP complex could be separated under native conditions by gel-filtration chromatography. The porin-PAP complex eluted at an elution volume of 11.1 ml, whereas the porin eluted at 11.7 ml (Fig. la) . In SDS-PAGE, the porin-PAP complex migrated as a single band with an apparent molecular mass of 120 kDa (Fig. 2,  lane l) , the porin migrated with an apparent mass of 85 kDa (Fig. 2, lane 2) . Heating the porin solubilized in SDS-PAGE sample buffer to 100 "C for 5 min resulted in dissociation of the oligomers into two bands with apparent molecular masses of 41 kDa and 39 kDa respectively (Fig. 2, lane 4) , whereas the porin-PAP complex dissociated under the same conditions to give an additional band (32 kDa) (Fig. 2, lane 3) , which represents the porin-associated protein. On re-electrophoresis, the mobilities of the 41 kDa and 39 kDa species were unchanged.
Differential extraction of the cell wall fraction
The cell wall fraction of Rhodospirilltlm rtlbrzlm additional conditions. The mild LDAO extraction yielded exclusively porin (Fig. lb) , but solubilized it only partially. Porin-PAP complex was not solubilized under the same conditions. LDAO/NaCl extraction, which was applied after standard LDAO extraction, solubilized only porin complexed with PAP (Fig. lb) .
EDTA sensitivity of the porin-PAP complex and isolation of PAP
Incubation of the porin-PAP complex with 25 mM EDTA at room temperature for 20 min resulted in dissociation of the complex into oligomeric porin and PAP. The peak representing the porin-PAP complex in analytical gel-permeation chromatography vanished after incubation with EDTA, whereas the peak representing the porin increased correspondingly. The additional peak at 13.7 ml contained the porin-associated protein (Fig. We utilized the EDTA sensitivity of the porin-PAP complex for the isolation of the PAP under native conditions. After dissociation of the porin-PAP complex lc). by EDTA, and application to an anion-exchangechromatography column, the PAP eluted at 150 mM NaCl whereas the porin eluted at 500 mM NaC1. This method yielded PAP purified to homogeneity as proved by SDS-PAGE (Fig. 2, lane 5 ).
Molecular mass measurements by analytical ultracentrifugation and mass spectrometry
The oligomeric porin solubilized in Octyl-POE-containing buffer was subjected to sedimentation velocity analysis. The sedimentation coefficient s20,w was 4.7 S. Sedimentation equilibrium experiments revealed a molecular mass of 110 kDa. The In A vs r2 plots exhibited linearity, with correlation coefficients > 0.99, revealing the monodisperse character of the purified porin oligomers under these conditions. The molecular mass of the porin monomers was measured using MALDI-MS. The spectrum shows two peaks, at 34513+30 Da and 34043 2 30 Da, respectively (Fig. 3) . These data suggest the presence of two different polypeptide chains in the porin of Rhodospirillum rz4brtlm FR1, with molecular masses differing by about 470 Da.
Secondary structure analysis by circular dichroism spectroscopy
Far-UV circular dichroism spectra were obtained with porin, PAP, and the porin-PAP complex (Birgit Uhrhan, unpublished results). Porin alone showed a minimum at 214 nm, while PAP exhibited a complex spectrum with indications of minima at 210 and 222 nm. Neither of the spectra were monotonous. The porin-PAP complex was rather unimodal, with a minimum at 216 nm.
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Singlethannel conductance
The porin activity was tested by using the black lipid bilayer method. Porin and the porin-PAP complex increased the membrane conductance by many orders of magnitude at very low protein concentration (10-300 ng ml-'). Single-channel experiments in 1 M KCl solution demonstrated that the membrane activity was caused by the formation of ion-permeable channels (Figs 4 and 5) .
Under these conditions, the single-channel conductance of the porin and the porin-PAP complex was the same: 2.8 nS. The PAP did not increase the membrane conductivity to any appreciable extent even at protein concentrations as high as 500 ng ml-l. These data demonstrated that PAP alone did not possess porin activity. 
DISCUSSION
As this study demonstrates, the porin of Rbodospirillzrm rzjbrzjm FR1 exists, in addition to the trimeric form, also as a complex with a protein that appears to strengthen the anchoring of the porin in the outer membrane. No further associations of other proteins with porins are known except for the porin of Neisseriagonorrboeae, also known as neisserial PI protein. The latter has been described as closely associated with another outer-membrane protein, PI11 (McDade & Johnston, 1980) , which exhibits strong sequence homology with the C-terminal domain of E. coli OmpA (Gotschlich et al., 1987) . A similar situation was found for the porin of Rbodospirilhm rzrbrzjm FR1. We have now demonstrated that part of the porin trimers that are present in the outer membrane are also complexed with a small protein (32 kDa) that we name porinassociated protein (PAP). The porin-PAP complex is associated more tightly with the peptidoglycan layer than is free porin, as has been proved by differential extraction of the cell wall fraction. The porin of Rbodospirillzjm rzrbrzjm FR1 seems to be anchored to the peptidoglycan by PAP, and because the porin is a major outer-membrane protein this must result in an increased stability of the outer membrane itself. The family of Omp A-related outer-membrane proteins comprises, in addition to OmpA and peptidoglycan-associated lipoproteins (PALS), the protein F (OprF) from Psezjdomonas aerzrginosa and the above-mentioned PI11 from N. gonorrboeae. All these outer-membrane proteins share a strongly conserved C-terminal region and structural roles for all of them are described except for PIII, where this feature has not been examined (De Mot & Vanderleyden, 1994 ; Koebnik, 1995) . The porin channel seems not to be affected by PAP, as the lipid bilayer experiments revealed the same singlechannel conductance of 2-8 nS in 1 M KC1 for both oligomers. It is also obvious that PAP did not form an ion-permeable channel itself because we did not observe increase of membrane conductance in lipid bilayer experiments. So far it is also an open question whether OmpA is a channel-forming component (Benz, 1994) , although Porin-PAP complex of R. rtrbrtrm channel-forming activity has been reported in vesicles (Sugawara & Nikaido, 1992) and lipid bilayer membranes (Saint et al., 1992) . SDS-PAGE of porin showed two separate bands, for which mass spectrometry revealed a difference in mass of about 470 Da. Without knowing the sequence of the two bands and their immunochemical reactivities, it is not possible to determine whether these polypeptides are derived from the same gene, and if so, whether the modification is biologically significant or an artefact of preparation. It is also possible that the porin is heterooligomeric or that two different porin oligomers exist that are indistinguishable by the analytical methods we have used. The porin of Rhodospirillzlm rzlbrtrm FR1 appears to contain mostly a /I-structure, while the circular dichroic spectrum of PAP suggests mostly a-helices. It is interesting to note that OmpA and other bacterial cell surface proteins contain indications of the existence of a-helical regions that may be involved in peptidoglycan binding (Koebnik, 1995) . However, due to the non-monotonous spectra and the different slopes, it seems unreasonable to attempt detailed assignment of the secondary structure of PAP. The porin-PAP complex exhibited a relatively monotonous spectrum with a minimum at 217 nm, suggesting a mostly P-structure. Its conformation therefore is probably due to major conformational changes of the components, but speculation about this intriguing phenomenon appears premature at this time. The molecular mass of the oligomeric porin estimated by sedimentation equilibrium experiments is 3.2-fold higher than that of the monomers estimated by mass spectrometry. The porin is therefore thought to be of the trimeric form, as has been found for most porins (Nikaido & Vaara, 1985) . After treatment with EDTA the porin-PAP complex of Rhodospirillmz rzlbrzlm FR1 dissociates into the oligomeric porin and PAP, indicating that divalent cations play a role in binding PAP to the porin. The porin itself is insensitive to EDTA, as has been described for the porin of Rbodopsezldomonas blastica (Butz et al., 1993) , whereas the porins of Rhodobacter capszslatm 37b4 and Rhodobacter sphaeroides run as monomers after treatment with EDTA (Woitzik et al., 1990; Weckesser e t al., 1984) . These data suggest that, although the association of PAP with the porin of Rhodospirilltrm rtrbrzlm FR1 appears to have no influence upon the channel-forming ability of the porin, PAP enhances the stability of the trimeric porin in the outer membrane and may also be involved in peptidoglycan binding. Both effects may increase the stability of the outer membrane. It is noteworthy that OmpA-related proteins from various Gram-negative and Gram-positive bacteria contain a homologous a-helical structure that may be involved in peptidoglycan binding (Koebnik, 1995) . We suggest that the a-helical part of PAP, as shown by circular dichroism spectroscopy, has a similar function in peptidoglycan binding. The elucidation of the primary structure of PAP will show whether it is an OmpA-related protein, a group including proteins involved in stabilization of the cell wall (De Mot & Vanderleyden, 1 994).
